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Abstract: Major depressive disorder (MDD) is a serious mental disorder that ranks among the major causes of disease 
burden. Standard medical treatment targeting cerebral monoamines often provides only insufficient symptom relief and 
fails in approximately every fifth patient. The complexity of MDD therefore, reflects more than monoaminergic 
dysregulation. Initial research argues the case for excessive glutamate levels, suggesting that antiglutamatergic drugs 
might be useful in treating MDD. Ketamine is a non-selective, high-affinity N-methyl-D-aspartate receptor (NMDAR) 
antagonist most commonly used in pediatric and animal surgery. In the past, ketamine has gained popularity because of its 
ability to rapidly elevate mood, even in treatment-resistant and bipolar depression. However, there are still many obstacles 
before widespread clinical approval of ketamine treatment could become reality. In this review, ketamine's powerful 
antidepressant effects are discussed and further research necessary for therapeutic application is outlined. NMDAR 
antagonists provide an entirely new way of treating the manifold appearances of depression that should not be left unused. 
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INTRODUCTION 

The Affective Tsunami 

MDD is a debilitating condition with a lifetime 
prevalence of 16.2% [1]. By 2020, it is expected to be a 
leading cause of disease burden in the industrialized world, 
impairing nearly every aspect of everyday life [2]. 
Consequences of depression are grave: Averaged over all 
possible causes of death, sufferers are twice as likely as 
healthy peers to die [3], with suicide rates increasing more 
than twentyfold [4]. In terms of financial costs, depression is 
a national and familial disaster [5,6]. As not even two out of 
three patients achieve remission under standard drug regimen, 
the lack of a "silver bullet" treatment is painfully obvious 
[7]. Even worse, depression has proven to be refractory in 
approximately 15% cases [8]. Taken together, current 
psychiatric practice is insufficiently equipped to deal with 
this "affective tsunami" and more efficacious treatments are 
direly needed. 

ALL ABOUT MONOAMINES? 

The state of the human mind has always been an object 
of keen scientific attention and philosophers as well as 
doctors have been puzzled about what they referred to as 
"melancholia" since antiquity. The monoamine hypothesis 
can be considered the first scientific etiological approach 
to what is nowadays summarized as depression. In the 
original theoretical form, low synaptic levels of monoamines 
(especially noradrenaline and serotonin) were assumed to 
directly trigger MDD [9]. These reductions could be caused 
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by pathological synthesis, metabolization, reuptake or 
storage processes or monoamine levels could, in fact, be 
normal but ineffective due to receptor abnormalities 
(currently more accepted) [10]. The monoamine view was 
developed, like so many seminal discoveries in psychiatry, 
after accidental findings that monoaminergic drugs also 
alleviate depressive symptoms [11]. For instance, the 
monoamine oxidase inhibitor isoniazid, originally employed 
in tuberculosis treatment, was found to improve mood [12]. 
Imipramine, a derivate of the antipsychotic chlorpromazine, 
was likewise discovered as an antidepressant by chance [13]. 
In keeping with the monoamine hypothesis, the anti- 
hypertensive drug reserpine can induce depression because it 
antagonizes monoamines (but see [14]). 

However, the "traditional" monoamine hypothesis 
struggles with certain characteristics of antidepressant 
treatment, amongst others the week- long delay of therapeutic 
(but not side) effects. This is paradoxical, given that monoamine 
levels increase within hours after drug ingestion [15]. 
These (and other) drawbacks have led to a revision of 
the original hypothesis, in that the focus was shifted 
from synaptic neurotransmitter concentrations to pre- and 
postsynaptic receptor adaptation. Monoamine receptor 
sensitivity has gained prominent interest as a possible 
molecular pathway through which lowered synaptic 
transmitter levels could induce MDD. Even though deficient 
synaptic levels cause postsynaptic receptor upregulation, 
monoaminergic neurotransmission could be blunted because 
of receptor abnormalities [15]. Indeed, antidepressant 
treatment has been shown to lead to postsynaptic receptor 
downregulation, temporally consistent with therapeutic delay 
(for a review, see [16]). Still, many theoretical findings are at 
odds with this approach. For instance, monoaminergic 
treatment is effective only in 60% of cases [7] and precursor 
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depletion is mood-neutral in healthy subjects [17]. 
Furthermore, the effectiveness of atypical drugs, such as 
buproprion (minimal affinity for monoamine transporter 
proteins) and mecamylamine (non-selective, non-competitive 
nicotinic acetylcholine receptor antagonist with negligible 
affinity for monoamine transporter proteins), is irreconcilable 
with either monoamine hypotheses [18]. 

Taken together, it is likely that the relationship between 
depression and monoamines exceeds the linearity that was 
initially hypothesized. Solely manipulating synaptic trans- 
mitters is insufficient to treat affective disorders and ignores 
the brain's adaptive makeup. Downstream mechanisms, such 
as gene expression, synaptic plasticity or neurotrophins, 
increasingly receive consideration as underlying mechanisms 
of antidepressant actions [19]. 

KETAMINE: A RAY OF LIGHT? 

Even though the etiological value of the monoamine 
hypothesis lies beyond doubt, it is equally clear that many 
aspects remain unresolved. In any case, monoamine 
deregulation alone is not a satisfactory therapeutic target and 
research on additional pathways is needed more than ever. 
Evidence is accumulating that excessive glutamate levels 
play a major role in depressive pathophysiology and, 
consequentially, glutamate antagonists could prove fruitful 
[20] . The aim of this review is to provide a summary first of 
current antidepressants and then to discuss involvement of 
the glutamatergic system in affective disorders. The thrilling 
possibility of using ketamine constitutes the scaffold of this 
article, aggregating and reviewing studies on its clinical 
profile. 

TREATMENT OF MDD: AN OVERVIEW 

Successful treatment of depressive disorders remains as 
challenging today as it was nearly 100 years ago. Specific 
somatic treatment of depression started in the 1920s/1930s 
with medically induced seizures, first using herbs (e.g. 
camphor) and later electricity [21]. The advent of 
amphetamines as powerful antidepressants in the 1930s 
marks the birth of pharmacotherapy [11]. From the 1950s 
onwards, the world saw a surge in both marketing and 
development of antidepressants, making them one of 
most commonly prescribed drugs. The following section 
will provide a brief, chronological summary of all major 
pharmaceutical antidepressant treatments that have been 
employed since the 1950s. Even though clinical evidence 
argues a case for some herbs (especially St. John's wort, see 
[22]), discussing their suitability would exceed the scope of 
this review. Other possible treatment venues, such as 
atypical antipsychotics for augmentation or treatment of 
psychotic depression, are reviewed elsewhere (e.g. [23]). 

Tricyclic Antidepressants (TCAs) 

TCAs, a class of drugs named after their chemical 
structure, were developed in the 1950s after serendipitous 
findings. The first of its kind, imipramine was discovered to 
have positive effects on patients' mood in 1956 and provided 
the fundament for later drugs [13]. The neurochemical 
mechanisms of TCAs are very complex, but therapeutic 
pathways most likely include: serotonin and noradrenaline 



reuptake inhibition, anticholinergic/antimuscarinic activity, 
blockade of oil -adrenoceptors and antagonism at histamine 
Hi receptors [24]. A complete understanding has, however, 
remained elusive. TCAs are associated with low overall 
tolerability [25] and acceptability [26], which is why they are 
rarely prescribed nowadays (except in some patients resistant 
to other drugs, see below). Chemical non-specificity of TCAs 
arguably accounts for common side effects, such as sexual 
dysfunction, dizziness and drowsiness [27]. 

Monoamine Oxidase A Inhibitors (MAOIs) 

Interest in monoamine oxidase arose in the 1950s, after 
its role in neurotransmitter catabolism had been discovered 
[28]. Monoamine oxidase is an enzyme that occurs in two 
isoforms (A and B), with the A subtype being more relevant 
to affective disorders because of higher affinity for serotonin 
and noradrenaline [28]. MAOIs inhibit enzyme activity and 
thereby non-specifically increase synaptic monoamine 
availability, which can cause severe side effects if used 
incautiously. Especially cumbersome, at least with older 
compounds, was strictly required dietary adherence and 
avoidance of serotonergic medication. Consumption of 
foodstuff high in tyramine or tryptophan (e.g. red wine or 
beer) has the potential to trigger hypertensive crises or 
serotonin syndrome, reflecting the sudden surge in 
transmitter availability and impaired synaptic clearance [29] . 
Even though long considered treatment of choice for mood 
disorders, opinions began to swing in favor of safer drugs in 
the 1960s (although toxicity has presumably been overrated, 
see [30]). Today, MAOIs are still prescribed, especially in 
the treatment of atypical depression, treatment-resistant 
depression and particular forms of bipolar depression [31] 
For some, MAOIs have remaine done of the most effective 
pharmacotherapies of MDD [32,33]. 

Selective Serotonin Reuptake Inhibitors (SSRIs) 

The development of SSRIs 20 years ago revolutionized 
the psychiatric landscape, making them the most commonly 
prescribed antidepressants of today [34]. Their suspected 
working mechanism revolves around dampening of serotonin 
reuptake from the synaptic cleft by inhibiting membrane 
serotonin transporter proteins. Affinity for other amine 
transporters is generally considered minimal (which 
differentiates them from TCAs) [35]. The surge in synaptic 
serotonin availability leads to somatodendritic 5-HT 1A 
autoreceptor desensitization in Raphe cells, disinhibiting 
further cellular serotonin release. Increased extracellular 
serotonin levels then induce adaptive changes such as 
postsynaptic downregulation of some receptor types 
(especially 5-HTi A and 5-HT 2 a), which are hypothesized to 
eventually mediate mood improvements [36]. These neuronal 
adaptions could be the biological explanation of delayed 
clinical effects, although the final neurobiological mechanisms 
still warrant clarification [37]. Indeed, it has not even been 
resolved whether blunting of serotonin reuptake is the 
common pathway of SSRI action. For instance, the serotonin 
reuptake enhancer tianeptine possesses comparable 
antidepressant effects, although superficially doing the exact 
opposite of SSRIs [38]. 
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Even though SSRIs have largely supplanted TCAs, 
attributing their prescription superiority to increased 
effectiveness would be mistaken. Quite to the contrary, 
effectiveness in treating depression does not seem to differ 
between both classes [39,40]. According to a recent meta- 
analysis [41], SSRIs are slightly superior to placebo in 
severe, but not mild or moderate depression. Response rates 
do not differ between SSRIs and TCAs (approximately 60% 
each), which is superior to placebo (approximately 30%) 
[42]. But the main reasons for preferring SSRIs is 
unequivocally better safety and tolerability [11]. Still, they 
also suffer from long therapeutic delay and common side 
effects, such as sleep disturbances, sexual dysfunction or 
anxiety [24]. Very worrying are reports about increases in 
juvenile and adolescent suicidal behavior after SSRI 
treatment (for a review, see [43]). 

Serotonin-Noradrenaline Reuptake Inhibitors (SNRIs) 

The first SNRI to be approved for treatment was 
venlafaxine in 1994, but many more compounds have 
been approved since. SNRIs are dual reuptake inhibitors 
like TCAs and MAOIs (i.e. they block serotonin and 
noradrenaline transporter proteins), but exhibit higher safety 
and tolerability because of chemical specificity [33]. Dual 
action is supposed to increase antidepressant effectiveness, 
yet evidence of clinical superiority to older compounds is 
lacking [44,45]. Therefore, SNRIs fail to qualify as universal 
treatment of major depression and, if at all, possess negligible 
additional benefits when compared to SSRIs. 

Need for Alternative Treatments 

Reviews of the most common pharmaceutical treatments 
suggest current antidepressants lack clinical effectiveness, 
safety or tolerability (see above). Indeed, drug classes do not 
seem to differ in terms of effectiveness, but rather side effect 
profile (e.g. [33]). To sum up, current approaches to major 
depression are highly unsatisfactory. As a consequence, 
initial reports of rapid mood elevation by ketamine shine like 
a "ray of light' ' on the rather dark pharmaceutical horizon of 
today. Research on the involvement of glutamate would, 
furthermore, help scientists detach themselves from the 
biased focus on monoamines. Critically, it could lead to 
more appropriate disease models, paving the way for a better 
understanding of affective disorders. 

THE GLUTAMATE SYSTEM: A NEW TARGET 

While the monoamine hypothesis of depression has 
undoubtedly propelled clinical and pharmacological 
research, critical review unravels that it is an insufficient 
explanation: Major depression exceeds monoaminergic 
deficiency. Thus, a first-line treatment is still as far out 
of reach as when antidepressant pharmaceuticals entered 
the world and as such, the need to develop appropriate 
medication and disease models is ever more pressing. Recent 
studies have shown that the antiglutamatergic drug ketamine 
seemingly possesses rapid antidepressant effects, making all 
other treatments pale in comparison. The following section 
will, therefore, give a brief overview of glutamate and 
attempt to outline the role it plays in depression. 
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What is Glutamate? 

Until very recently, it had been unknown that glutamate 
acted as a neurotransmitter, although scientists acknowledged 
its opulent distribution throughout the brain early on [46]. 
Today, it is clear that glutamate is the most common 
excitatory neurotransmitter, both in cortical and subcortical 
areas. Chemically, glutamate classifies as an amino acid that 
is synthesized from glutamine via glutaminase and released 
from presynaptic vesicles mainly via voltage-gated Ca 2+ 
channels [47]. Glutamic acid decarboxylase transforms 
glutamate into gamma-Aminobutyric acid (GABA), while 
glutamine synthetase degrades glutamate to glutamine. The 
effects of synaptic glutamate are terminated by glutamate 
transporter proteins, triggering glial reuptake and subsequent 
metabolization. Thus, extracellular glutamate homeostasis is 
tightly regulated as too little glutamate impairs synaptic 
plasticity while too much causes oxidative damage and 
excitotoxicity [48]. Postsynaptically, signals are transmitted 
by both ionotropic and metabotropic receptors. Beside eight 
different metabotropic receptors (mGluRi - mGluR 8 ), there 
are three families of ionotropic receptors: NMDARs, a-amino- 
3-hydroxy-5-methyl-4-isoxazole-propionic acid receptors 
(AMPARs) and kainate receptors [47]. 

Glutamate and Depression 

Owing to its opulent trafficking, glutamate is involved in 
many aspects of cognition and emotion [49]. During 
depressive episodes, glutamate serum, blood plasma and 
cerebrospinal fluid concentrations were found to be increased 
[49-51]. Likewise, imaging studies showed heightened levels 
in the occipital, frontal, cingulate and midcingulate cortex, 
but not dorsolateral prefrontal cortex (DLPFC) in unipolar 
[52-55] and bipolar [56] depressed individuals. This is 
reflected by Wang et al. [57], who discovered that increased 
frontal glutamate levels differentiated between depressed and 
non-depressed stroke patients. While the exact pathogenesis 
of excessive glutamate has not been conclusively 
understood, low glial levels (especially PFC astrocytes) have 
been found throughout the brain of patients with MDD, 
which implicates blunted glutamate reuptake mechanisms 
[58,59]. Intriguingly, glutamate transporter 1 (GT1) 
inhibition in prefrontal areas induces anhedonia in a rat 
model of depression [60], paralleling reduced GT1 activity 
in mediotemporal/frontal areas (but also locus coeruleus, see 
[61]) during MDD in humans [62-64]. 

Psychopharmacological research has shown extensively 
that some functional antidepressants downregulate glutamatergic 
neurotransmission, including fluoxetine, buproprion, urcumin, 
lamotrigine, riluzole, imipramine and phenelzine [51, 65-68]. 
After chronic antidepressant treatment, withdrawal induces 
hippocampal NMDAR density upregulation [69], while 
short-term antidepressant effects of sleep deprivation 
could be mediated by NMDA receptor internalization 
[70]. PFC NMDAR protein irregularities (especially NR2A 
and NR2B subunits) have been reported in patients 
with depression post-mortem [71]. However, considerable 
controversy still surrounds associations between glutamate 
and mood disorders, as some studies found reduced or 
inconspicuous glutamate levels during depressive episodes. 
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For instance, Jarnum et al. [72] failed to detect heightened 
glutamate levels in the cerebrospinal fluid of unipolar 
patients and others even found decreased glutamate/Glx 
(a compound index consisting of glutamate, glutamine and 
GABA) ratios in the anterior cingulate cortex [73-75] and 
leftDLPFC[76]. 

Exactly why the literature is laced with inconsistencies 
has remained unresolved to the present moment. Possible 
reasons include choice of imaging method, sample selection 
or methodological differences. For example, Wang et al. 
[57] restricted enrollment to stroke patients with good 
prognosis and, moreover, failed to correct for multiple 
testing. Many magnetic resonance spectroscopy studies 
suffer from problems with spatial resolution and signal-to- 
noise ratio, forcing them to resort to the less precise 
aggregate measure Glx (see [77]). More crucially even, 
glutamate and glutamine levels are dissociable, which 
counteracts straightforward interpretation of Glx [78]. 

Scientific findings, even when keeping the stated 
inconsistencies in mind, hint at an involvement of excessive 
glutamate levels in depressive pathogenesis. Even though 
disease pathways of hyperglutamatergia have not been 
uncovered yet, excitotoxicity-mediated neuronal atrophy is a 
likely candidate [79,80]. Extrapolating this to clinical 
medicine, there is a lot of evidence to suggest antiglutamatergic 
drugs might be useful in alleviating depression. Critically, 
reducing glutamate excitotoxicity could be the underlying 
mechanism of standard antidepressant drugs, rather than a 
favorable side effect [66,69]. Especially NMDAR antagonism 
has proven of interest and recent evidence argues a case for 
the efficacy of ketamine. 

KETAMINE: ANTIDEPRESSANT OF THE FUTURE? 

Ketamine, or RS-2-2-Chlorophenyl-2-methylaminocyclo- 
hexanone, is a derivate of phencyclidine, a substance 
originally used as anesthetic. Ketamine is mainly employed 
in veterinary medicine, but also pediatrics (as children 
seem relatively immune to psychotomimetic side effects, 
see [81]) and human pain management, where it is valued 
for its potential to induces edation and analgesia without 
cardiorespiratory paralysis [82]. It can be ingested as powder 
via snorting or inhaling, as a pill or by intramuscular/-venous 
injection. In recreational users, oral application is rare 
because of faster hepatic metabolization, leading to stronger 
sedative than psychotomimetic effects [82]. Pharma- 
cologically, ketamine can be classified as a non-selective, 
non-competitive, high-affinity NMDAR antagonist [83-85]. 

Beside NMDAR receptor antagonism, it seems ketamine 
blocks muscarinic acetylcholine receptors, interacts with CN1 
channels and possesses some affinity for both a receptors 
[82], which could explain why it modulates nerve growth 
factor (NGF) production and synaptic remodeling [86]. 
Neuroplastic effects of ketamine (probably mediated via 
increased mTORCl signaling) have been advanced as one 
possible reason for persistent effects after complete drug 
washout [87,88]. Indeed, a study by Duman and Li [89] 
showed a single injection of ketamine increased prefrontal 
synaptogenesis and reversed stress-induced atrophy. This is 
consistent with findings that mice carrying a mutant form of 



glycogen synthase kinase 3 - an enzyme involved in 
synaptic plasticity- are unresponsive to ketamine [90]. 
Furthermore, ketamine possesses a weak affinity for m// and 
K opioid receptors [91], but a high affinity for D 2 and 5-HT 2 a 
receptors, where it commonly acts as an agonist [92]. 
Because NMDA receptors are widely distributed throughout 
cortical and subcortical areas, ketamine modulates many 
other neurotransmitter systems, including striatal and 
nucleus accumbens dopamine release, dopamine, serotonin 
as well as noradrenaline transporter proteins and GABAergic 
activity [82, 93-98]. 

Ketamine 's precise short-term and long-term neuro- 
biological effects are still poorly understood. For instance, 
even though ketamine antagonizes postsynaptic NMDARs, it 
simultaneously increases presynaptic glutamate synthesis 
and release [99,100]. In keeping with this, Li et al. [101] 
opine its antidepressant efficacy hails from ketamine' s 
ability to increase glutamate release, which is supported by a 
study finding lamotrigine and risperidone to attenuate 
ketamine-induced hemodynamic responses [102]. Others 
assert rapid mood elevation is mediated by fast-acting 
anti-inflammatory activity [103] or inhibition of nitric 
oxide synthesis [104]. Thus, it is clear that attributing 
ketamine's multiple effects purely to NMDAR antagonism 
does not tell the full story. Indeed, some authors believe that 
the antidepressant effects of ketamine are, in fact, caused by 
increased AMPAR signaling [86,105]. 

OVERVIEW OF LITERATURE 

Literature was retrieved (June 2013) from PubMed.gov 
searches using the keywords "ketamine" and "major 
depression" or "bipolar depression" and scanned for: 
duration of clinical assessment (> 30 min. post-treatment), 
verified diagnosis of mood disorder and restriction to human 
participants. Table 1 gives an alphabetical summary of all 
publications matching inclusion criteria, with details on 
study design, response rate and effect size where data were 
provided. Fortunately, most studies chose the same application 
method (40 minutes IV infusion) and formula to calculate 
ketamine hydrochloride dosage (0.5 mg/kg) - amounting to 
0.75 mg/kg ketamine per hour, see Table 1 for exceptions - 
which facilitates direct comparison. Beside four studies 
where comorbid diagnoses are unfortunately not assessed 
[106-109], the most frequently reported comorbidity is anxiety 
disorder. It should be noted that case studies are not 
aggregated here because of limited explanatory value. In any 
case, the results from single case studies (e.g. [1 10,1 1 1]) can, 
with a pinch of salt, be taken to support conclusions drawn 
from experiments with larger sample sizes. 

The first controlled study to unravel ketamine's 
effectiveness intreating depression was conducted by 
Berman et al. [87]. They infused eight participants with 
MDD and one participant with bipolar depression saline and 
ketamine in a double-blind manner, each one week apart. 
Over the course of three days, Hamilton Depression Rating 
Scale (HDRS) scores decreased by 50% or more in half of 
the participants after ketamine injection. Three participants 
remained above baseline and one participant showed 
ketamine-like antidepressant relief after placebo injection. 
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Zarate et al. [88] built on these results and conducted a 
placebo-controlled, double-blind study, in which they found 
a single injection produced rapid and strong symptom relief 
within 110 minutes in treatment-resistant unipolar patients. 
Impressively, more that 70% clinically responded to 
ketamine and nearly every third patient was in clinical 
remission within 24 hours. This is especially astounding 
because the recruited sample had previously not reacted to 
electroconvulsive therapy (ECT), arguably the most effective 
handling of refractory affective disorders [112]. Furthermore, 
half of the participants receiving ketamine showed significant 
mood elevation for at least one week. 

In 2009, four open-label studies showed one-time 
intravenous ketamine led to rapid improvement of treatment- 
resistant depression [106,107,113,114]. Quickest significant 
antidepressant response was noted within 40 minutes [106] 
and slowest within four hours [113]. Another study with 
treatment-resistant patients found ketamine to decrease 
suicidal ideation within 24 hours, which can be taken as 
proxy measure of mood elevation [115]. Kudoh et al. [116] 
randomized patients with MDD awaiting surgery to two 
groups receiving anesthesia either via injection of ketamine 
(1 mg/kg), propofol and fentanyl or via propofol and fentanyl 
alone. Ketamine addition significantly reduced post-operative 
depression and pain ratings, without causing major side effects. 

Further studies underlined the powerful effects of a 
single injection of ketamine in treatment of MDD [117-122] 
and treatment-resistant unipolar depression [109,123,124]. 
Aan het Rot et al. [125] injected unipolar treatment-resistant 
patients with three doses of ketamine weekly for the duration 
of twelve days. Ketamine provided symptom relief within 
four hours and, impressively, depression ratings had, on 
average, decreased by 85% after the sixth infusion. Even 
though mean relapse time was 19 days following the last 
injection, these findings powerfully underline ketamine 
short-term effectiveness in the treatment of acute depression, 
especially considering the suicide prevention aspect raised 
by Price et al. [115]. Beside studies examining unipolar 
depression, ketamine has also been proved effective in 
treatment of bipolar depressive episodes. Rybakowski et al. 
[126] found a single ketamine injection administered 
open-label improved bipolar depression resistant to current 
mood-stabilizing drugs. Zarate et al. [127] conducted a 
randomized, cross-over, placebo-controlled design in which 
they found the low-trapping NMDA channel blocker 
ASZD6765 to significantly improve mood after 80 minutes 
(see conclusion). 

An open-label investigation by Rasmussen et al. [128] 
used a lowered administration formula and infused patients 
with depression 0.5 mg/kg of ketamine over the course of 
100 minutes (i.e. 0.3 mg/kg per hour). Five out of ten 
patients achieved remission, with symptom reduction first 
surfacing 120 minutes post-injection. Thus, lowering 
ketamine dosage does not seem to affect clinical efficacy in a 
major way, which might help increase tolerability. 

A ground-breaking study by Laje et al. [129] investigated 
the role of Val66Met, a single nucleotide polymorphism 
implicated in brain-derived neurotrophic factor (BDNF) 
regulation and affective disorders [130], in treatment 
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response to ketamine. They found greater antidepressant 
response in homozygous Val than Met carriers, consistent 
with hypothesized modulatory functions of BDNF in 
ketamine action. These results offer a possible genetic 
explanation for non-response, as the reported prevalence of 
Met alleles approximately resembles ketamine immunity (ca. 
30%, see [131]). This could, theoretically, be overcome by 
increasing BDNF levels prior to ketamine therapy, for 
instance with standard antidepressant treatment [129]. 
Likewise, it is conceivable that antidepressant effects of 
ketamine could be potentiated by adding current somatic 
treatment. Furthermore, it would be of great interest to 
determine Val66Met polymorphism of patients sampled in 
previous studies and to check whether Met allele carriers 
were overrepresented in the non-responder category. If so, 
the effectiveness of ketamine would even have been 
underestimated. 

All studies did, unfortunately, not investigate for separate 
sex effects in evaluating ketamine. This is problematic, 
because initial evidence suggests menorrhea mediates 
ketamine susceptibility, i.e. females can evince antidepressant 
response at doses ineffective in males [132]. In keeping with 
this, studies show estrogen potentiates hippocampal NMDA 
signaling and, in general, affective disorders are more 
common in pre- or peri-menopausal women [133,134]. 
Another shortcoming of current ketamine research concerns 
insufficient blinding. Of the four studies examining ketamine 
in a placebo-controlled and double-blind design, none 
employed an active comparator with commensurable 
psychotomimetic side effects [87,88,117,127]. Because 
ketamine produces strong and distinct dissociative 
impressions, it is conceivable that subjects were not 
effectively blinded to their condition. As such, it remains a 
possibility that rapid symptom improvement seen after one- 
time ketamine injection amounts to an enhanced placebo 
effect. Of course, as Zarate et al. [88] note, antidepressant 
effects unambiguously exceed short-term hallucinogenic 
effects. However, this argument is also consistent with the 
notion that ketamine possesses moderate antidepressant 
action, but that initial and powerful symptom reduction is 
due to placebo. Thus, these studies suffer from low internal 
validity and it remains possible that ketamine is, in fact, not 
a real antidepressant drug. 

SAFETY PROFILE OF KETAMINE 

Before clinical use of ketamine can be considered, its 
safety for human use first has to be established. Very few 
methodologically sound studies have been conducted and it 
is clear that "the jury is still out" on this topic. The following 
section shortly discusses recent findings with respect to 
short-term and long-term effect of ketamine as well as 
possible links with psychotic disorders. 

Short-Term Side Effects and Toxicity 

Ketamine is a dissociative anesthetic with hallucinogenic 
side effects, such as visual or auditory hallucinations, out-of- 
body experiences or abnormal sensations [135]. Therefore, 
ketamine is increasingly used to create NMDAR hypo- 
function animal models of schizophrenia [136]. Peripherally, 
ketamine inhibits catecholaminergic reuptake and stimulates 



62 Current Neuropharmacology, 2014, Vol. 12, No. 1 

the cardiovascular system, causing hypertension and 
tachycardia. In anesthetic practice, ketamine possesses a 
broad therapeutic ratio with little danger of overdose [137]. 
Because of NMDAR antagonism, ketamine acutely 
suppresses hippocampal long-term potentiation (LTP) and 
mnemonic functions. Indeed, a review by Morgan and 
Curran [138] revealed dose-dependent deficits in episodic, 
semantic, procedural and working memory as well as 
attention, but not executive functions. A randomized, double- 
blind and placebo-controlled study found subanesthetic 
ketamine injection caused linear decrements in verbal and 
nonverbal declarative memory performance in healthy males 
[139]. There is evidence to suggest ketamine impairs delayed 
recall and recognition memory (e.g. [140]). Of note, memory 
decreases occurred at or even below plasma concentration 
sufficient for other effects. To sum up, acute ketamine use 
curtails both declarative and non-declarative mnemonic 
processes. 

Ketamine induces feelings of pleasure and elation via 
stimulated nucleus accumbens dopamine release, accounting 
for abuse potential and addictive properties [95]. Withdrawal 
symptoms and tolerance have been reported [141]. Ketamine 
seems to mainly act on frontal areas, with most distinctive 
effects in medial/inferior parts [142]. Because metabolism in 
prefrontal cortices is acutely increased after consumption, 
neuropsychological disruptions surface most prominently on 
prefrontal-dependent task measures [143-146]. On the other 
hand, an fMRI study demonstrated a negative correlation 
between acute psychedelic effects of ketamine and baseline 
ventromedial PFC activity [147]. Scheidegger et al. [148] 
found ketamine reduced resting state functional connectivity 
in healthy volunteers, the implication of which is currently 
unclear. Neurotoxic potential has been repeatedly shown 
[149,150]. 

Long-Term Effects 

There are reports of ketamine- induced ulcerative cystitis, 
increased frequencies of bladder carcinoma and kidney 
dysfunction [82]. In rats, chronic ketamine use is cardiotoxic 
[151]. One study found 33% of chronic ketamine users 
suffered from "K-cramps", i.e. spontaneous abdominal pain 
[152]. Continuous ketamine consumption is associated with 
impairments in episodic memory, semantic memory, 
attention and selective deficits in working memory [93]. It is 
currently unknown whether these effects can be reversed by 
abstinence [138,153,154]. 

A correlational study detected elevated serum BDNF but 
not NGF levels in chronic ketamine users [155]. Indeed, it 
seems intact BDNF expression is a prerequisite of ketamine 
responsivity [156]. Narendran et al. [157] found DLPFC Di 
receptor upregulation in chronic ketamine users, while 
cognitive measures and regional brain volumes did not differ 
from control. There is evidence of abnormal bilateral frontal 
and left temporoparietal white matter [158] as well as 
reduced gray matter in the left superior frontal gyrus and the 
right middle frontal gyrus [159] after long-term consumption. 
Reduction in dorsal PFC gray matter reported by Liao et al. 
[159] was correlated with length of prior ketamine abuse, 
although this could also reflect an index of addiction in 
general [160]. Furthermore, chronic ingestion of NMDAR 



H. W.W. Hasselmann 

antagonists elevates cellular markers of oxidative stress 
[161]. A study by Yeung et al. [162] found evidence of 
elevated hyperphosphorylated tau levels in prefrontal and 
entorhinal cortices in animals that had received ketamine for 
six months, suggesting accelerated brain ageing processes. 
The most conclusive study on long-term effects to date 
found that monkeys chronically treated with ketamine 
showed hypofunctions in the ventral tegmentum, substantia 
nigra, posterior cingulate cortex and visual cortex, while 
increased neuronal activity was reported for striatal and 
entorhinal areas [163]. 

Ketamine and Schizophrenia 

Ketamine causes transient positive as well as negative 
psychotic symptoms and some suggest regular users evince 
characteristics of prodromal schizophrenia [93]. Krystal 
et al. [140] injected healthy volunteers with subanesthetic 
doses of ketamine (0.1 and 0.5mg/kg, respectively) and 
noted a broad variety of temporary symptoms common in 
psychotic disorders (e.g. altered perception, hallucinations 
or impaired vigilance). Another study found ketamine was 
able to trigger short-term relapse of positive symptom in 
remitted patients with schizophrenia [164]. Schizophrenia- 
specific abnormalities under ketamine influence have also 
been reported, including eye-tracking [165] and EEG 
abnormalities [166]. Kegeles et al. [167] found that ketamine 
altered striatal dopamine release patterns in healthy 
volunteers to resemble individuals with schizophrenia after 
amphetamine challenge tests. In general, negative and 
cognitive hallmarks of psychosis seem most sensitive to 
ketamine [168]. A review by Morgan and Curran [82], 
however, concludes there is insufficient evidence to claim a 
connection between long-term ketamine use and psychotic 
disorders. More research, especially experimental, is needed 
to come to a definite answer. 

To sum up, there is irrefutable evidence of adverse short- 
term and long-term effects associated with customary 
ketamine use. In human studies, effects of chronic ketamine 
consumption are usually studied in addicts in a cross- 
sectional design without controlling for poly-drug use and 
other confounders. Thus, it is difficult to extrapolate findings 
from non-representative human populations to supervised 
application in the context of clinical depression. Especially 
concerning are accounts that implicate increased mTOR 
signaling - the suspected mechanism through which ketamine 
enhances synaptic plasticity- in neoplasm growth [169]. 

CONCLUSION 

The need to develop a viable treatment for depression 
has become an ever more pressing concern for the 
entire scientific community. Not least because standard 
antidepressant treatments often do not live up to their name, 
reports of ketamine' s astounding effects fall on fertile soil. 
The previous section gave an overview over all studies on 
the effectiveness of ketamine in treating depression in human 
subjects. In the majority of cases, significant symptom relief 
was achieved within 24 hours and sometimes even less than 
40 minutes. Observed effect sizes mostly range between 
moderate (0.5) and extremely large (> 5), all testifying to 
robust antidepressant effectiveness of ketamine. Response 
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rates, on the other hand, show more diversity and vary 
between 25% [87] and 100% [174]. While these findings can 
be taken to, overall, point in the same direction, extensive 
methodological heterogeneity across sampled studies 
warrants caution when interpreting the sometimes staggeringly 
strong effects (especially contrasting [119] with [120]). 
Compared to standard antidepressant treatment, however, 
these data yield unequivocal superiority of ketamine in terms 
of effectiveness, onset of action and response rates. 

Research on ketamine is still in its infancy and many 
facets have remained obscure. For instance, little to nothing 
can be stated about the effects of controlled long-term use. 
Most studies are conducted with drug abusers in a 
correlational manner and thus generalization to "physically 
healthy" human population is difficult. This represents 
another issue with ketamine, as it can presently not be 
determined whether ketamine increases the risks of 
developing full-blown psychosis. Even though a review by 
Morgan and Curran [82] casts doubt on this association, 
there are studies in which a positive connection is 
established in both humans [93,170] and animals [171,172]. 
This bars patients with psychotic forms of depression 
from ketamine treatment. As most studies enrolled 
disproportionately many young patients, it is questionable 
whether results can be translated to more vulnerable 
depressed populations (e.g. elderly, patients with cardio- 
vascular impairments). 

Indications of neurotoxicity [149,150] should be carefully 
investigated to prevent serious adverse reactions and, this 
goes without saying, widely prescribed ketamine can only be 
considered in case its benefits outweigh the consequences of 
MDD. Also, feelings of euphoria and pleasure associated 
with subanesthetic ketamine injection pose possible abuse 
problems. If ketamine should become an officially available 
antidepressant one day, this hedonic aspect has to be 
neutralized. Tolerance and withdrawal, as seen in chronic 
drug abusers [82], should also be investigated, as the need 
for dose escalation would be a major clinical hindrance. 

The form of delivery poses a further obstacle, since 
costly intravenous injection seems to rule out easily and 
widely available ketamine treatment in the near future. This 
could be overcome by developing user-friendly and safe 
application forms, such as tablet or nasal delivery [135]. Oral 
consumption leads to higher concentrations of norketamine, 
a metabolite predominantly associated with sedative effects, 
which represents a clear drawback of this route of 
administration [82]. On the other hand, there are indications 
that oral application of S-ketamine could serve as add-on 
medication [173]. Because bioavailability of ketamine after 
oral ingestion approximates 20% of levels seen after 
intravenous injection, it should be possible to export 
injection dosages to other formats. Irwin et al. [174] 
substantiated this speculation with a recent proof-of-concept 
trial (see Table 1), indicating that higher dosages are 
required in case of delivery other than intravenous injection. 

Furthermore, it is presently impossible to state that 
ketamine really is an antidepressant. Because of its strong 
hallucinogenic side effects and the fact that all studies so far 
have employed an inactive comparator as placebo, it is 
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conceivable that people who achieve rapid symptom relief 
are, in fact, experiencing an active placebo effect. Studies 
that compare ketamine to a non-inert comparator are needed to 
specifically pinpoint the origin of ketamine's astoundingly 
rapid effects. A recent study by Zarate et al. [127] compared 
ketamine to AZD6765, a low-affinity NMDAR antagonist 
with less severe hallucinogenic side effects. While subjects 
are generally able to recognize whether they have been 
injected with ketamine, they did not manage to differentiate 
between placebo and AZD6765 in this study. Interestingly, 
AZD6765 produced only mild improvements compared to 
placebo. These results allow for two conclusions: First, it is 
possible that NMDAR antagonism does, indeed, produce a 
mild-to-moderate antidepressant effect, but that the swift 
relief after ketamine injection is due something else - 
possibly hallucinogenesis. Second, it could be taken to 
support the initial hypothesis that ketamine truly is an 
antidepressant and that the discrepancy between ketamine 
and AZD6765 is grounded in different NMDAR affinities. 
Interestingly, Zarate et al. [88] reported significant mood 
maintenance for the course of one week post-injection, 
which argues against prolonged placebo effects (especially 
when keeping in mind that the half-life of subanesthetic 
ketamine is approximately 2.5 hours, see [135]). A clinical 
trial with an active comparator would finally settle this 
debate and provide more inside into ketamine's 
antidepressant mechanisms. Memantine could be such a 
substance, because high doses cause psychedelic experiences 
similar to ketamine, while at the same time being devoid of 
antidepressant impact [175,176]. 

What is left on the plus side? It remains beyond doubt 
that ketamine has the potential to revolutionize the treatment 
of affective disorders. Especially in people who have failed 
different antidepressants, it should at least be considered as 
last resort. What is more, evidence suggests using ketamine 
for anesthesia prior to ECT could potentiate seizure-induced 
mood elevation [177, 178]. Interestingly, ketamine is helpful 
in both unipolar and bipolar depression, two forms 
of affective disorders that are regarded as fundamentally 
(and pharmaceutically) different (e.g. [179]). The anti- 
glutamatergic component of ketamine could help bridge the 
gap between, and offer a composite treatment for both 
phenotypes. At the same time, the global effectiveness of 
ketamine implicates glutamatergic dysregulation as shared 
pathophysiology of unipolar and bipolar affective disorders, 
providing fruitful opportunities for further etiological 
research. 

To conclude, the possibility of treating major depression 
with ketamine is thrilling. However, more research needs to 
be conducted, especially on safety and tolerability, before 
clinical application can be considered. A phase Ha trial (i.e. a 
pilot trial investigating short-term effectiveness and safety 
with larger patient population) of the NMDAR partial 
agonist GLYX-13 revealed ketamine-like antidepressant 
impact in treatment-resistant unipolar patients without 
psychotomimetic side effects [180]. This dissociation 
between NMDAR antagonism (and its assumed antidepressant 
working) and tolerability could trigger a revolution in the 
first-line treatment of affective disorders. But before 
ketamine can cross the barrier between theory and practice, 
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future research needs to shed more light on key areas, 
including: long-term effects, suitability for vulnerable 
populations (e.g. elderly patients), maintenance of mood 
elevation and drug delivery method. 
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APPENDIX 

Table 1. Studies Examining the Antidepressant Effects of Ketamine 



A ntllnrc 


Diagnosis 


VI inimilafinn 
Ivldllip llld 111) 11 


\ J 1111111 LfIJi 


Response K.;ite 




aan het Rot et al. [125] 


MDD/TRD 


Six ketamine injections over the course 
of 2 weeks, three weekly 


< 4 hours 


90% c 


d = 5.61° 


Berman et al. [87] 


MDD/BD 


R, PPC, C, DB 


< 3 days 


25% c 


d= 1.35° 


Carlson et al. [184] 


MDD/TRD 


Single ketamine injection, OL 


<230 min. 


30% d 


d= 1.19 d 


Cornwell et al. [122] 


MDD 


Single ketamine injection, OL 


< 230 min. 


45% d 


111 


DiazGranados et al. 
[108] 


MDD 


Single ketamine injection, OL 


< 40 min. 


90% (40 min.)° 


d = 0.45 d 


DiazGranados et al. 
[117] 


BD 


R, PPC, C, DB 


< 40 min. 


41%° 


d = 0.67 d 


Duncan et al. [123] 


MDD/TRD 


Single ketamine injection, OL 


< 230 min. 


43% d 


d = 4.48 c 


Duncan etal. [181] 


MDD/TRD 


Single ketamine injection, OL 


< 1 day 


40%° 


111 


Ibrahim etal. [109] 


MDD/TRD 


Single ketamine injection, OL 


< 230 min. 


50% d 


d = 0.5 vs.d= l d 


Ibrahim et al. [182] 


MDD/TRD 


R, PPC, OL 


< 1 day 


62%) (total study 
duration) 


d= 1.02 (2 days) 


Irwin et al. [174] 


MDD 


Singe oral dose (0.5 mg/kg), OL 


< 14 days 


100% f 


d= 1.14 


Kudoh etal. [116] 


MDD 


R, either ketamine, propofol and 
fentanyl, or just propofol and fentanyl* 


< 1 day 


111 


d = 2 c 


LajeeJa/. [129] 


MDD 


Either Single ketamine injection, OL 
or OL/DB, PC 


< 230 min. 


Ill 


d = 0.62 vs.d= 1.68 d 


Larkin &Beautrais [120] 


MDD 


Single ketamine injection** 


< 40 min. 


92% d 


d= 14.45 d 


Mathews al. [113] 


MDD/TRD 


Single ketamine injection, OL 


< 240 min. 


65%° 


d = 2.1 c 


Machado-Vieira et al. 
[106] 


MDD/TRD 


Single ketamine injection, OL 


< 40 min. 


48% d 


111 


Murrough et al. [1 83] 


MDD/TRD 


Up to six ketamine injections over 12- 
day period 


< 120 min. 


70.8% (total study 
duration) 


d = 2.03 (2 hours) 


Okamoto et al. [178] 


MDD/TRD 


8 OL ketamine (0.8 mg/kg) injections 8 


< 7 days 


111 


Greater symptom 
reduction in ketamine 
anesthesia groups 


Phelps et al. [107] 


MDD/TRD 


Single ketamine injection, OL 


< 120 min. 


43% d 


d= 1.06 d 


Price etal. [115] 


MDD/TRD 


Single ketamine injection 


Reduction of 
SI < 24 hours 


81% c 


d= 1.37° 


Rasmussen etal. [128] 


MDD 


OL, up to 4 ketamine injections*** 


< 120 min. 


80%> (total study 
duration) 


d= 1.69 c 
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Table l.contd.... 
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0 Effect Las 
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Rybakowski etal. [126] 


BD 


Single ketamine injection, OL 


< 24 hours 


52% (total study 
duration) 


d = 0.71° 


Salvadore et al. [114] 


MDD/TRD 


Single ketamine injection, OL 


<230min. 


??? 


d= 1.5 d 


Salvadore et al. [11 8] 


MDD 


Single ketamine injection, OL 


< 230 min. 


45% d 


d = 1.52 d 


Salvadore et al. [121] 


MDD 


Single ketamine injection, OL 


< 230 min. 


40% d 


d = 0.98 d 


Thakurta et al. [124] 


MDD/TRD 


Single ketamine injection, OL 


< 40 min. 


??? 


d = 4.61 d 


Valentine etal. [119] 


MDD 


Saline injection, ketamine injection 1 
week later, SB 


< 60 min. 


40%° 


d = 0.21 (3 hours) 


Wang etal. [Ill] 


MDD 


Single ketamine injection 11 , R, DB 


< lday 


??? 


Greater symptom 
reduction in ketamine 
anesthesia groups 


Zarate et al. [88] 


TRD/MDD 


R, PPC, C, DB 


< 110 min. 


71% c 


d= 1.46 c 



BD = bipolar depression, C = cross-over, DB = double-blind, MDD/TRD = major depressive disorder/treatment-resistant depression, OL= open-label, PPC= passive placebo- 
controlled, R = randomized, SB = single-blind, SI = suicidal ideation 
a Response is defined as > 50% reduction on primary measure unless stated otherwise 
b Effect sizes reflect Cohen's d 
^Measured 24 hours post-injection 
d Measured 230 minutes post- injection 

Ttefmed as Montgomery- Asb erg Depression Rating Scale Suicidality Item score < 1 
'Defined as > 30% reduction on Hospital and Anxiety Depression Scale questionnaire 

^Patients received either a single injection of ketamine (0.8 mg/kg) or a combination of ketamine (0.8 mg/kg) and propofol (1.5 mg/kg) prior to undergoing ECT 
h prior to ECT 

* injection of 1 mg/kg ** injection of 0.2 mg/kg over 1-2 minutes *** injection of 0.5 mg/kg over 100 minutes 
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